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Introduction: Dynamic hyperinflation (DH) after lung volume reduction surgery (LVRS) has not
been well studied. It is not known if reductions in DH correlate with improvements in exercise
performance post-LVRS.
Methods: Forty-two upper-lobe predominant emphysema patients who underwent LVRS were
analyzed. Inspiratory capacity was measured every 2 min during symptom-limited cardiopul-
monary exercise test (CPET) and end-expiratory lung volumes (EELV) were calculated. The
main measure of DH was EELV/TLC ratio matched at metabolic isotimes (based on the post-
rehabilitation VCO2max).
Results: Patients had very severe airflow obstruction (FEV1 28.3  7.0% predicted), were hy-
perinflated (TLC 125  17% predicted) and gas trapped (RV 198  39% predicted). Compared
to the post-rehab baseline, dynamic hyperinflation (EELV/TLC) was significantly reduced after
LVRS at 6, 12, 24, and 36 months. There were also increases in inspiratory reserve volume at
matched isotimes after surgery. Patients adopted a slower, deeper breathing pattern during
exercise after LVRS, which strongly correlated to reductions in DH. There were significant cor-
relations between reductions in DH (EELV/TLC @50% VCO2max) and improvements in 6 min
walk distance (Pearson rZ 0.411, pZ 0.02, nZ 33) and maximal watts on CPET (Spearman
r Z 0.536, p Z 0.001, n Z 33) when comparing post-rehabilitation and 6 month post-LVRS
values.istance; bpm, breaths per minute; CPET, cardiopulmonary exercise test; DLCO, diffusion capacity for
inflation; EELV, end-expiratory lung volume; FEV1, forced expiratory volume in one second; f, res-
thing index; IC, inspiratory capacity; LVRS, lung volume reduction surgery; mL, milliliters; L, liters;
t Trial; NHANES, National Health and Nutrition Examination Survey; RV, residual volume; TLC, total
rbon dioxide production; Ve, minute ventilation; VO2max, maximum oxygen consumption; Vt, tidal
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1492 M.R. Lammi et al.Conclusion: Dynamic hyperinflation during exercise was reduced after LVRS (up to 3 years) and
there was a strong association between alterations in breathing pattern and reduced DH after
LVRS. This is the first study to demonstrate that reductions in DH correlated with improved ex-
ercise performance following LVRS.
ª 2014 Elsevier Ltd. All rights reserved.Introduction
Dynamic hyperinflation (DH) is defined as a variable and
temporary increase in end-expiratory lung volume during
exercise [1] and is one of the main determinants of dyspnea
and exercise intolerance in patients with chronic obstruc-
tive pulmonary disease [2,3]. Multiple modalities have been
demonstrated to reduce DH, including pulmonary rehabili-
tation [4], oxygen [5], bronchodilators [6,7], and broncho-
scopic lung volume reduction [8]. Despite frequent claims
that DH reduction is one of the main mechanisms for
improvement after lung volume reduction surgery (LVRS),
this is based on two small studies that had short follow-up
[9,10]. It is also not well defined whether improvements
after LVRS are related to a true reduction in DH or just a
reduction in static hyperinflation that persists during ex-
ercise. This study was conducted in order to test the hy-
potheses that reductions in DH after LVRS persisted during
longitudinal follow-up, were associated with alterations in
breathing pattern, and correlated to improvements in ex-
ercise capacity.
Materials and methods
Patient selection
Forty-two patients with severe emphysema (upper lobe
predominant) who underwent LVRS at Temple University
Hospital after Centers for Medicare and Medicaid Services
approval were included in this retrospective analysis with
longitudinal follow-up; all included patients had data suf-
ficient to calculate dynamic hyperinflation at metabolic
isotimes during cardiopulmonary exercise tests. All patients
met NETT inclusion and exclusion criteria [11]. Prior to
LVRS, all patients underwent 8 weeks of outpatient pul-
monary rehabilitation. Patients were characterized as high
or low exercise capacity based on their post-rehabilitation
maximal cardiopulmonary exercise test. The 40th percen-
tile (25 W for women, 40 W for men) was used to classify
these groups [11].
Variables collected
All patients had post-rehabilitation (pre-operative) pulmo-
nary function testing, 6-min walk testing and cardiopul-
monary exercise testing (CPET). These same variables were
routinely repeated at 6 months and then yearly after sur-
gery for up to 3 years.
Pulmonary function testing was performed according to
ATS/ERS guidelines [12] before and after the administrationof a bronchodilator. Post-bronchodilator values for FEV1,
TLC, and RV were used in the subsequent analyses. Lung
volumes were measured by body plethysmography [13] and
DLCO [14] measurements were done using standard tech-
niques. Reference values used for pulmonary function
testing were NHANES [15]. The 6-min walk test was con-
ducted without encouragement and the distance walked in
6 min (6-MWD) was measured in meters [16].
CPET was performed on a braked cycle ergometer (Via-
Sprint 150P; ViaSys Healthcare; Hoechberg, Germany) ac-
cording to ATS/ERS guidelines [17] using the protocol
employed in the NETT [18]. In order to not have hypoxemia
limit exercise, the CPETwas performed while breathing 30%
oxygen; this was provided by a high-flow blender to avoid
changes in inspired oxygen concentration at varying levels
of ventilation [18]. A metabolic cart (VMax Encore, ViaSys
Healthcare) was used to measure oxygen uptake (VO2) and
carbon dioxide production (VCO2), and all data were
collected on a breath-by-breath basis and reported as 20-s
averages. Following a period of baseline rest and unloaded
warm-up pedaling, a symptom-limited maximal exercise
phase was performed, which consisted of increasing levels
of tension on the bike at a rate of 5 or 10 W per minute until
exhaustion. Breathing parameters were collected,
including respiratory rate (f ), tidal volume (Vt), minute
ventilation (Ve), and rapid shallow breathing index (f/Vt).
Measurement of dynamic lung volumes
In order to measure end-expiratory lung volume (EELV)
during exercise, the inspiratory capacity (IC) was measured
by instructing the patient to inhale deeply from functional
residual capacity to TLC [19]. Because TLC changes at most
minimally during exercise [20], EELV can be calculated by
subtracting IC from TLC.
EELVZTLC IC:
Patients were instructed in the technique of performing
the IC maneuver and three IC measurements were taken
during the baseline phase of CPET. The IC was measured
every 2 min throughout exercise. The EELV/TLC ratio at
matched metabolic isotimes (see Data Analysis below)
during exercise was the marker of dynamic hyperinflation.
Additionally, serial measurements of EELV expressed in
terms of minute ventilation (slope of EELV/Ve, mL*min*L1)
served as an additional measure of DH, with a more positive
slope indicating a higher level of dynamic hyperinflation
[10]. Inspiratory reserve volume (IRV) was calculated by
subtracting Vt from IC.
IRVZIC Vt:
Table 1 Baseline characteristics and changes in pulmo-
nary function testing and exercise capacity 6 months after
LVRS.
Variable Post-rehab
baseline
6 months
after LVRS
p Value
Age at LVRS (years) 67  6.0 N/A N/A
Gender (% male) 48% N/A N/A
Low exercise
group (%)
38% N/A N/A
FEV1 (% predicted) 28.3  7.0 41.1  11.5 <0.0001
TLC (% predicted) 125  17 110  15 0.004
RV (% predicted) 198  39 144  43 <0.0001
RV/TLC ratio 0.61  0.15 0.49  0.09 0.0005
DLCO (% predicted) 32  8 37  9 0.0002
EELV/TLC at rest 0.77  0.06 0.70  0.07 <0.0001
Maximal watts on
CPET
39  20 49  20 0.002
6-min walk
distance (m)
288  74 324  76 0.0009
EELVZ end-expiratory lung volume; VCO2maxZ maximum CO2
production; CPET Z cardiopulmonary exercise test.
Dynamic hyperinflation after LVRS 1493Using 30-s averaged data, the inflection point of Vt
relative to Ve (Vt/Ve inflection point) was calculated using
non-linear least squares estimation (StataCorp 13. Stata
Statistical Software: Release 13. College Station, TX: Sta-
taCorp LP). It is after this inflection point that Vt can no
longer increase to meet minute ventilation needs [21].
Data analysis
Changes from baseline to 6 months after surgery were
compared using paired t-tests. Changes in variables over
time were analyzed using a linear mixed effects model
assuming an unstructured covariance structure to account
for the correlation of observations measured over time
[22]. The model included a fixed factor for time and a
random factor for subjects. A response profile model was
used to model the mean response over time. In order to
match exercise time points before and after surgery, vari-
ables were matched according to metabolic isotimes, as
previously performed [23]. Metabolic isotimes were defined
based on %VCO2max, as measured from the baseline CPET.
%VO2max was not used to standardize metabolic isotimes
due to supplemental oxygen use during the exercise test.
Values were reported at 50%, 75% and 100% VCO2max.
Comparisons were also performed at rest and iso-work,
defined as the lowest peak workload achieved by the pa-
tient on any of their CPETs. Correlations between changes
in dynamic hyperinflation and changes in breathing pattern,
6-MWD, and maximal watts on CPET were performed using
Spearman or Pearson correlation, as appropriate. Multiple
linear regression was performed with change in maximal
watts and possible explanatory variables.
This work was approved by the Institutional Review
Board of Temple University (protocol #20036). A portion of
this manuscript was previously published in abstract form
[24].
Results
Patients were 67  6 years old, and the majority (52%) were
female (Table 1). Pulmonary function testing revealed se-
vere airflow obstruction, hyperinflation, and gas trapping.
Thirty-eight percent of patients were in the low exercise
capacity group, as defined by the NETT [11]. When
measured at 6 months, there was a significant increase in
FEV1, as well as a decrease in TLC, RV, RV/TLC, and EELV/
TLC at rest; there was also a significant increase in exercise
capacity (maximal watts on CPET and 6-MWD) (Table 1).
LVRS and dynamic hyperinflation
When measured at metabolic isotimes, EELV/TLC during
exercise significantly decreased after LVRS (p < 0.0001 for
all time points) (Fig. 1). The slope of EELV/Ve (i.e. the rate
of rise in EELV during exercise) was significantly reduced
after LVRS (34.1  14.6 vs. 23.6  12.2 mL*min*L1 for post-
rehab vs. 6 months after LVRS, p Z 0.0001) (Fig. 2). EELV/
TLC was also reduced when measured at rest (p < 0.0002
for all time points) and at iso-work (p < 0.0001 for all time
points) (data not shown). This reduction in dynamic hy-
perinflation persisted over three years of follow-up.Inspiratory reserve volume was increased after LVRS at 50%,
75%, and 100% VCO2max (Supplemental Table 2). The Vt/Ve
inflection point was shifted to a higher minute ventilation 6
months after LVRS (20.14 L/min [95% CI 14.71e25.57] post
rehab vs. 38.13 L/min [95% CI 30.28e45.97] at 6 months,
p Z 0.0003, Fig. 3).
Changes in breathing pattern
Breathing pattern was favorably altered six months after
LVRS (Table 2), with the adoption of a slower, deeper
breathing pattern during exercise isotimes. Mean respira-
tory rate was decreased during matched exercise times at
all points, including submaximal and maximal exercise.
After LVRS, tidal volume was significantly increased at 50%,
75%, and 100% VCO2max. Consequently, f/Vt (as a summary
variable with lower values indicating slow, deep breaths)
was lower at all measured exercise isotimes.
Alterations in breathing pattern correlated with re-
ductions in dynamic hyperinflation during exercise six
months after LVRS. When measured at 75%VCO2max, a
lowered EELV/TLC significantly correlated with a slower
respiratory rate (r Z 0.505, p Z 0.003, n Z 33) (Fig. 4A).
There was a strong correlation between a reduced EELV/
TLC and higher tidal volume at 75%VCO2max (r Z 0.759,
p < 0.0001, n Z 33) (Fig. 4B). A significant association
existed between a reduced EELV/TLC at 75%VCO2max and
lower f/Vt (r Z 0.564, p Z 0.0008, n Z 33) (Fig. 4C). All
three correlations also existed when matched at 50% or
100% VCO2max, with the exception of respiratory rate and
change in EELV/TLC at 50% VCO2max (Supplemental Table
3).
Improvements in exercise capacity
Significant correlations existed between reductions in dy-
namic hyperinflation and improvements in exercise capac-
ity six months after LVRS. When measured at 50% VCO2max,
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Figure 1 Dynamic hyperinflation, represented as EELV/TLC
at matched metabolic workloads (50% [1A], 75% [1B] and 100%
VCO2max [1C]). Post-surgery time points are compared to post-
rehab values. Reasons for missing data can be found in
Supplemental Table 1.
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Figure 2 Change in the slope of EELV/Ve from the post-rehab
baseline to 6 months after LVRS for each individual patient.
Also displayed (open square) is the mean decrease in the slope
of EELV/Ve (11.6  15.5 mL*min*L1) for the group as a
whole.
1494 M.R. Lammi et al.there was a statistically significant correlation between
changes in EELV/TLC and changes in 6MWD (r Z 0.411,
p Z 0.02, n Z 33) (Fig. 5A). Additionally, a significant as-
sociation existed between change in EELV/TLC measured at
50% VCO2max and change in maximal exercise capacity
(r Z 0.536, p Z 0.001, n Z 33) (Fig. 5B). Similar signifi-
cant correlations were present for both relationships when
measured at 75% or 100% VCO2max (Supplemental Table 3).
Changes in RV/TLC ratio and FEV1 also correlated with
improvements in maximal exercise capacity. When RV/TLC,
FEV1, and EELV/TLC at 50% VCO2max were analyzed using
multiple linear regression, RV/TLC (p Z 0.005) and EELV/
TLC at 50% VCO2max (p Z 0.046) persisted as having sig-
nificant associations with improvements in maximal watts
on CPET.Discussion
The main finding that we observed in this study is that
dynamic hyperinflation was improved during all phases of
exercise after lung volume reduction surgery. Ours is the
first study to demonstrate that reductions in DH persist for
at least 3 years after LVRS. The adoption of a slower,
deeper breathing pattern was associated with the reduc-
tion in DH after LVRS. Importantly, greater reductions in DH
correlated to larger improvements in exercise tolerance
after LVRS.
Exercise intolerance is one of the cardinal symptoms of
COPD and is a main target of interventions. Due to the
complex integration required during exercise, it is not
surprising that exercise intolerance in COPD is multifacto-
rial [25]. LVRS may have a benefit on exercise tolerance
because it improves many of these limitations, including
improved ventilatory capacity [18], better diaphragm
muscle function [26], increases in stroke volume during
exercise [23], and reductions in dynamic hyperinflation
[9,10].
It could be argued that the main effect of LVRS on lung
volumes is a reduction in these measurements at rest and
there is subsequently a downward shift in EELV which may
lead to longer exercise times. With this analysis we have
not only shown that resting lung volumes (e.g. RV/TLC and
EELV/TLC at rest) were reduced after LVRS, but also that
there is a true reduction in dynamic hyperinflation, as
evidenced by the lower slope of EELV/Ve after LVRS
(Fig. 2). The relevance of this is strengthened by the fact
that reductions in EELV/TLC during exercise maintained its
significant association with increased exercise capacity
even after adjustment for changes in RV/TLC and FEV1.
Recent work [27] has, not as discovered as discovered that
the tidal volume constraint as IRV reaches its critical value
is an important determinant of exercise dyspnea and
tolerance in COPD. In our study we have demonstrated that
IRV is increased after LVRS and the Vt/Ve inflection point is
delayed; this means that patients after LVRS reach their
tidal volume constraint at a higher minute ventilation than
prior to surgery.
Figure 3 Graph of tidal volume (Vt) to minute ventilation
post-rehab and then 6 months after surgery. Non-linear least
squares estimation was used to define the inflection point for
the slope of Vt/Ve. Above this inflection point, further tidal
volume expansion is constrained. The Vt/Ve inflection point
occurred later during exercise 6 months after surgery (see
text).
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Dynamic hyperinflation after LVRS 1495Although LVRS is widely accepted as a modality to
reduce dynamic hyperinflation in emphysema patients, this
conclusion is based on two small studies. In 1997 Martinez
et al. published a study which investigated twelve patients
who underwent LVRS [9]. They found that EELV and end-
inspiratory lung volumes were significantly decreased at
rest and during isowork exercise after LVRS. The reduction
of EELV/TLC at isowork (0.849  0.09 vs. 0.759  0.18) was
similar to the magnitude of reduction seen in the present
study (Fig. 1). They also discovered a strong correlation
between reductions in EELV/TLC and Borg dyspnea scores
during isowork exercise. In the present study we have
extended this finding to show that reductions in dynamic
hyperinflation after surgery correlated with increases in
functionally relevant outcomes, namely 6-MWD and
maximal watts attained on CPET. In a subset analysis of aTable 2 Breathing pattern during exercise before and
after LVRS. n Z 33 (9 patients had incomplete data).
Variable Post-rehab 6 months p Value
f @50%VCO2max (bpm) 23.0  5.6 21.2  5.3 0.03
f @75%VCO2max (bpm) 25.7  5.5 22.4  5.5 <0.0001
f @100%VCO2max (bpm) 30.1  6.2 24.7  5.7 <0.0001
Vt @50%VCO2max (L) 0.90  0.28 1.04  0.37 0.005
Vt @75%VCO2max (L) 0.96  0.30 1.15  0.39 0.0003
Vt @100%VCO2max (L) 0.94  0.29 1.24  0.41 <0.0001
f/Vt @50%VCO2max
(bpm/L)
28.4  12.6 24.2  13.2 0.009
f/Vt @75%VCO2max
(bpm/L)
29.6  11.9 22.4  13.2 <0.0001
f/Vt @100%VCO2max
(bpm/L)
35.6  14.6 22.7  10.9 <0.0001
Data presented as mean  SD.
f Z respiratory rate; bpm Z breaths per minute; L Z liters.larger study of exercise capacity after LVRS, Dolmage et al.
investigated twelve emphysema patients at baseline and 6
months later (six randomized to LVRS, six randomized to
medical therapy) [10]. In this study there appeared to be a
decrease in DH in the LVRS group only (as represented by a
lower slope of EELV/VE), although this subset analysis was
underpowered to detect a statistically significant differ-
ence. We have observed that DH is reduced after LVRS in
the present study, which has the largest number of par-
ticipants and longest follow up time of any such
investigation.Change in EELV/TLC @75%VCO2max
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Figure 4 Associations between changes in dynamic hyper-
inflation (EELV/TLC) and breathing pattern 6 months after
LVRS, measured during exercise at 75%VCO2max. (4A respira-
tory rate (f, bpm); 4B tidal volume (Vt, Liters); 4C rapid
shallow breathing index (f/Vt)). Similar significant correlations
also existed when EELV/TLC was measured at 50% and 100%
VCO2max.
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Figure 5 Correlation between changes in dynamic hyperin-
flation (EELV/TLC at 50%VCO2max) and changes in 6-min walk
distance (A) and maximal exercise capacity (B) measured 6
months after LVRS. Similar significant correlations also existed
when EELV/TLC was measured at 75% and 100%VCO2max.
1496 M.R. Lammi et al.The present study is the first to address the potential
mechanism of improvement in dynamic hyperinflation after
LVRS. Prior work has demonstrated that patients adopt a
slower, deeper breathing pattern during exercise after LVRS
[18]. When measured at 6, 12, and 24 months, patients
randomized to LVRS had a significantly higher tidal volume
during maximal exercise compared to patients in the
medical arm. We have extended these findings by observing
that patients adopt a slower, deeper breathing pattern
after LVRS not only during maximal exercise, but also during
submaximal exercise measured using metabolic isotimes. In
addition, reductions in dynamic hyperinflation correlated
well with reductions in respiratory rate and increases in
tidal volume during exercise after LVRS. Although this
relationship is associative, this may be a possible mecha-
nism for improvements in DH after LVRS, in that slower,
deeper breaths could allow for more time in expiration,
allowing greater emptying of trapped gas. Alternatively, it
cannot be excluded based on the association found in this
study that reductions in dynamic hyperinflation (by another
mechanism) may lead to slower, deeper breaths.
Our study has both strengths and limitations. It is the
largest study of its kind, with more patients in this analysis
than the prior two studies combined [9,10]. Exercise tests
were performed in a standardized fashion at a center
experienced in the measurement of lung volumes during
exercise. Most importantly, this is the first study to linkreductions in dynamic hyperinflation after LVRS to impor-
tant improvements in exercise tolerance, namely higher
6MWD and maximal watts on CPET. Limitations include the
lack of a comparison group and the retrospective design of
the study. There are potential unmeasured confounders
that may have changed after LVRS, such as medications,
improvements in weight and nutritional status, or increases
in activity levels. Due to the retrospective design there
were patients who did not have complete follow up to 3
years. However, this is the first study to show that im-
provements in dynamic hyperinflation appear to be durable
after LVRS for up to three years, as shown by our mixed
effects model.Conclusions
We observed that dynamic hyperinflation during all phases
of exercise was reduced after LVRS and adoption of a
slower, deeper breathing pattern correlated with reduced
DH. This is the first study to demonstrate that the
improvement in DH after surgery is durable up to 3 years
and that greater reductions in DH were associated with
important improvements in exercise tolerance after LVRS.Authors’ contributions
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